We obtained a high-intensity and broadband emission centered at ~1 m from InGaAs quantum three-dimensional (3D) structures grown on a GaAs substrate using molecular beam epitaxy. An InGaAs thin layer grown on GaAs with a thickness close to the critical layer thickness is normally affected by strain as a result of the lattice mismatch and introduced misfit dislocations. However, under certain growth conditions for the In concentration and growth temperature, the growth mode of the InGaAs layer can be transformed from two-dimensional to 3D growth. We found the optimal conditions to obtain a broadband emission from 3D structures with a high intensity and controlled center wavelength at ~1 m.
Introduction
Broadband near-infrared (NIR) light sources are widely used in various fields such as telecommunication and medical imaging. For instance, optical coherence tomography (OCT) [1] , which is a non-invasive profile imaging system, requires a broadband light source for its probe. OCT operates based on low-coherent interference, where the bandwidth of the light source is inversely proportional to the axial resolution of the OCT image [2] . Thus, a broader light source contributes to a higher resolution. In addition, an emission centered close to 1 m is preferable for obtaining a large imaging depth in aqueous tissues because of the low optical absorptions of hemoglobin and water in a biological sample [3] . To meet such requirements, we developed a broadband light source based on InAs quantum dots (QDs) grown on GaAs [4] [5] [6] [7] [8] [9] [10] . The self-assembled InAs QD ensemble has an inherent size distribution that produces a broadband emission [11] . Thus, it has been recognized as an ideal light emitting material for an OCT light source [12, 13] . When InAs QDs are grown on GaAs, they normally emit a broadband spectrum centered at 1.2-1.3 m. The center emission wavelength, however, should be controlled close to 1 m. Although we attempted to blue-shift the QD emission wavelength using several methods [14, 15] , controlling the emission's center wavelength at ~1 m while maintaining the emission intensity has been difficult.
On the other hand, it is easy to control the center wavelength of the emission of an InGaAs thin layer grown as a quantum well (QW) on GaAs at ~1 m using an optimal thickness and In concentration while maintaining the emission intensity, although broadband emission is not available. In addition, the InGaAs/GaAs system is influenced by the strain due to the lattice mismatch between them, and the optimal conditions for the QW growth are limited. The QW thickness should be below a critical layer thickness (CLT) at a certain In concentration. Thus, it was recognized as an inconvenient material to realize a broadband emission near 1 m. However, in the preliminary work for the InGaAs QW growth, it was reported that a growth mode transformation from two-dimensional (2D) to three-dimensional (3D) growth occurred close to the CLT, and resulted in a broadband emission [16, 17] . In the previous study, measurements was taken to avoid this 3D transformation because the purpose of the study was the investigation of the CLT for QW growth and the dependence of the CLT on the growth temperature. In this study, however, we focused on the 3D structure that appeared in the InGaAs/GaAs system and studied it as an alternative approach to obtain a broadband emission centered at ~1 m with high emission intensity.
Experimental methods
xInGa1-xAs layers were grown on a Si-doped n + -GaAs (001) substrate using molecular beam epitaxy. Figure 1 (a) shows a schematic illustration of the grown sample. A GaAs buffer layer with a thickness of approximately 300 nm was first grown on the substrate after a thermal cleaning by heating the substrate at above 600°C for approximately three minutes.
Then, an InxGa1-xAs layer embedded between GaAs/Al0.3Ga0.7As layers was grown.
Additionally, an InxGa1-xAs layer was grown on the top surface using growth conditions identical to those of the embedded InxGa1-xAs layer to observe its morphology. In order to investigate the dependence of optical and structural properties of the InxGa1-xAs layer on the growth conditions, the growth temperature (TG) was varied from approximately 420 to 540 °C and the In concentration (x) was varied from 0.2 to 0.34, while the thickness of the InxGa1-xAs layer was fixed at 7 nm. The TG on the sample surface was measured using a pyrometer, and the x value was estimated by the ratio of InAs and GaAs growth rates for the supplied In, Ga, and As fluxes. Referring to the CLT theoretically estimated by the mechanical equilibrium model of Mathews and Blakeslee [18] , the InxGa1-xAs layer thickness of 7 nm is close to the CLT for an x of 0.34, as indicated by the solid line in Fig. 1 
(b).
The grown InxGa1-xAs layers were characterized by atomic force microscopy (AFM) for the InxGa1-xAs layer on the top surface, and photoluminescence (PL) measurements were performed at room temperature (RT) for the buried InxGa1-xAs layers. A He-Ne ( = 632.8 nm) excitation laser was employed for the PL measurements, which had a power density of approximately 300 W/cm 2 . . The surface roughness resulting in the 3D structure could arise from the strain due to the lattice mismatching between InGaAs and GaAs, as previously reported [16, 17] . The increase in the RMS value and decrease in the density of the 3D structures may be due to the enhancement of the In migration and coalescence on the surface when TG was increased from 480 to 520°C. The In migration preferably occurred in the [1-10] direction, and the 3D structure could be elongated and connected in this direction, as typically seen in the samples of In0.3Ga0.7As with TG = 516°C and In0.34Ga0.66As with TG = 538°C. A further increase in TG above 520°C led to the desorption of the supplied In atoms [20] , which might have decreased the In concentration. This could be the reason for the surface morphology of the sample of In0.3Ga0.7As with TG = 536°C. Figure 3 presents the PL spectra obtained from the grown samples. As shown in Fig. 3(a) , the In0.2Ga0.8As layers exhibited narrow PL lines (a full width at half maximum (FWHM) of approximately 20 meV) in accordance with the 2D (QW) growth observed in the AFM images, while the peak wavelength was gradually blue-shifted from 0.98 to 0.92 m with the increased TG. This blue-shift indicates that the In desorption occurred with the TG increase, and the actual In concentration in the InGaAs layer was decreased from the expected value.
Results and discussion
As shown in Fig. 3(b) , the In0.3Ga0.7As samples exhibited narrow and broad PL spectra, which corresponded to the 2D and 3D structures observed in the AFM images, respectively. The FWHM of the PL peak increased up to approximately 90 meV (TG = 516°C). The peak wavelength was continuously blue-shifted from 1.05 to 0.94 m with the increased TG, which may also have been due to the In desorption. In the case of the In0.34Ga0.66As samples, broadband PL spectra were also seen in the 3D growth structures. However, the peak wavelength was once red-shifted from approximately 1.1 m at TG = 437°C to 1.17 m at TG = 489°C, and then blue-shifted up to 1.03 m at TG = 538°C. The variation of the peak wavelength and FWHM are summarized in Figs. 4(a) and 4(b), respectively. It is still unclear why the red-shift occurred at TG = 437°C for In0.34Ga0.66As, but, it can be speculated that local
In segregation occurred and yielded a high In concentrated 3D structure that emitted at the longer wavelength, which resulted from the narrow bandgap of InAs. This behavior might have been influenced by the higher strain with higher In concentration, in contrast to the In0.2Ga0.8As and In0.3Ga0.7As layers. The In segregation might be diluted with the TG increase, where the In atoms can be migrated on the surface and evaporated, and the peak wavelength could be then blue-shifted.
Regarding the PL intensity, the In0.2Ga0.8As and In0.3Ga0.7As samples exhibited higher peak intensities than the In0.34Ga0.66As samples at TG values of less than 520°C. However, the peak intensity of an In0.34Ga0.66As sample drastically increased at a TG above 520°C and was comparable to those of the In0.2Ga0.8As and In0.3Ga0.7As samples, as shown in Fig. 4(c) .
Finally, the In0.34Ga0.66As sample at a TG = 538°C achieved a broadband emission (FWHM of 80 nm) centered at ~1 m, with a high intensity comparable to that of a normal InGaAs QW.
Although the mechanism for the optical properties should be further investigated, it can be attributed to further In migration and desorption resulting in the generation of In(Ga)As 3D nanostructures with large size and In composition distributions, along with a reduction of lattice defects, allowing such a high intensity and broadband emission to be exhibited.
In order to evaluate the broadened emission spectrum from the In0.34Ga0.66As sample at TG = 538°C for an OCT light source application, a point-spread-function (PSF) was calculated.
Figure 5(b) shows the PSF obtained from the PL spectrum ( Fig. 5(a) ). The PSF was deduced from the autocorrelation, which can be calculated through an inverse Fourier-transformed (IFT) PL spectrum [21] . The PSF governs the axial resolution of the OCT image, and this axial resolution can be estimated using the FWHM of the IFT PL (power) spectra. As shown in Fig. 5(b) , the FWHM was approximately 5.7 m, which is less than that of a typical commercial OCT (~10 m). In addition, no apparent side lobes appeared beside the main peak. This indicates that the ghost images (noise) resulting from the side lobe should be minimized in an OCT image. These results thus demonstrate the potential of the broadened spectrum for OCT light source application.
Conclusion
InGaAs 3D quantum structures were grown on GaAs for a broadband light source that emitted at a wavelength of ~1 m. By optimizing the growth conditions, including the In concentration, growth temperature, and layer thickness, a broadband and high-intensity emission centered at a wavelength of ~1 m was obtained. This unique structure offers an alternative method for fabricating a NIR broadband light source that is especially suitable for use as an OCT light source. Wavelength (nm) 4 Norm. PL intensity (arb. u.)
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